ABSTRACT
N eurovascular compression syndromes such as trigeminal neuralgia (TN) and hemifacial spasm (HFS) are characterized by hyperactive cranial nerve dysfunction. The most effective and standard treatment for this syndrome is microvascular decompression, which is capable of providing complete resolution of symptoms in most cases. [1] [2] [3] [4] A preoperative determination of microvascular anatomy in terms of the exact localization and direction of the compressing vessel and the anatomic relationship between cranial nerves and vessels is of great value to neurosurgeons. Some authors have proposed that the presence of clear-cut and marked vascular compression is a factor in good long-term prognosis 5, 6 ; thus, the accurate preoperative radiologic evaluation of the neurovascular anatomy is crucial to achieve an excellent clinical outcome. High-resolution 3D MR cisternography, such as 3D T2-weighted imaging driven equilibrium radiofrequency reset pulse (3D T2WI-DRIVE), 7, 8 3D FIESTA 9,10 and 3D CISS, [11] [12] [13] is the method of choice to evaluate preoperative neurovascular anatomy in patients with neurovascular compression syndrome. Although these sequences have excellent spatial resolution, the contrast between vessels and cranial nerves at the point of neurovascular contact (NVC) is limited in general; this poor contrast is a major drawback of these sequences for preoperative evaluations of vascular compression syndromes. 14, 15 On 3D TOF-MRA 8, [16] [17] [18] or 3D gadolinium-enhanced T1WI, 8, 13, 18 vessels are clearly depicted but the nerves are too poorly seen to be depicted at the point of NVC. Fused images of 3D CTA or 3D TOF-MRA and 3D MR cisternography have been used to evaluate the NVC to solve this problem, [19] [20] [21] [22] [23] but making these fusion images is technically challenging and too time-consuming for daily clinical practice.
We report a simple postprocessing technique that we named subtraction of 3D T2WI-DRIVE from contrast-enhanced 3D T1WI (sDRICE), which provides both high spatial resolution and excellent contrast between vessels and cranial nerves. It is easy and simple to create sDRICE images on a console without the need for any fusion technique or special software. We evaluated the utility of sDRICE imaging for the radiologic evaluation of patients with neurovascular compression syndrome, and we compared its efficacy with that of 3D T2WI-DRIVE, which is used in standard 3D MR cisternography.
MATERIALS AND METHODS

Study Population
We studied 12 patients (9 women and 3 men; mean age, 53 years; range, 30 -74 years) who underwent microvascular decompression for HFS or TN (6 cases of HFS and 6 cases of TN) at our institution between August 2009 and November 2013. All patients were examined with MR imaging by using both 3D T2WI-DRIVE and sDRICE before surgery. We retrospectively analyzed the patient data, including demographics, clinical history, and pre-and postoperative imaging findings. We analyzed the outcomes of the microvascular decompression in terms of cure and surgical complications on the basis of the criteria of the Japan Society for Microvascular Decompression Surgery. 24 The final clinical outcome of microvascular decompression was evaluated 1 year after surgery.
Image Acquisition
MR imaging was performed by using a 3T whole-body MR imaging system (Achieva 3T; Philips Healthcare, Best, the Netherlands) with a manufacturer-provided 32-channel head coil for reception and a body coil for transmission. The MR imaging protocol was implemented by 1 author (T.M., with 20 years of experience in MR imaging). The MR imaging technique was as follows: axial 3D T2-weighted-DRIVE: TR, 2000 ms; TE, 220 ms; FOV, 160 ϫ 160 mm; voxel resolution, 0.63 ϫ 0.63 ϫ 1.0 mm 3 ; sensitivity encoding for fast MR imaging factor, 2; number of signals averaged, 1; echo-train length, 69; flip angle, 90°; acquisition time, 3 minutes 38 seconds. For the axial, contrast-enhanced 3D-T1-weighted fast-field echo images, we used the following parameters: TR, 30 ms; TE, 4.1 ms; FOV, 160 ϫ 160 mm; voxel size, 0.63 ϫ 0.63 ϫ 1.0 mm 3 ; sensitivity encoding for fast MR imaging factor, 2; number of signals averaged, 1; flip angle, 20°; acquisition time, 2 minutes 54 seconds. After a single intravenous Gd-DTPA (0.2 mmol/kg) injection was administered, a contrast-enhanced (CE) 3D T1-weighted sequence was run. We used 2 steps for simple and accurate subtraction after the acquisition: First, we matched the FOV and the voxel resolution between the 3D T2WI-DRIVE and CE 3D T1WI for the same scanning range. Second, to avoid misregistration, we shortened the interval time between the 2 sequences by scanning CE 3D T1WI in the train of 3D T2WI-DRIVE, and we asked the patients to stay still.
Image Postprocessing
After the data acquisition, the image data were transferred through a local area network for postprocessing by using the console software of the MR imaging system. The first set of 3D T2-weighted-DRIVE source images (Fig 1B) was subtracted from the second set of CE 3D T1WI (Fig 1A) on a pixel-by-pixel basis by using workstations provided by the manufacturers of the MR imaging system. This process produced the third set of subtracted source images of sDRICE ( Fig 1C) . All of the source and subtracted images were sent to the PACS of the hospital. There was no rudimentary image registration technique before the image subtraction in our postprocessing program. To control the possibility of misregistration, we checked whether the diameters of cranial nerves (CNs) V and VII and those of the offending vessels on sDRICE were similar on 3D T2WI-DRIVE and CE 3D T1WI side by side. Two-dimensional axial, coronal, and sagittal fusion images were obtained to evaluate the neurovascular relationship in the cerebellopontine angle cistern, and if necessary, oblique images were reconstructed.
Image Evaluation and Data Analysis
We analyzed 3D T2WI-DRIVE and sDRICE both qualitatively and quantitatively. The qualitative image analysis was performed independently by 2 raters (T.M. and M.S. with 20 and 15 years of experience in neuroradiology, respectively) blinded to the hypothesis of the study and clinical data. The 3D T2WI-DRIVE and sDRICE images for each patient were independently evaluated in a random order of cases and sequences. Lesion conspicuity was defined as the ease of discrimination between offending vessels and compressed nerves or the brain stem at the NVC. To evaluate the lesion conspicuity, we used the following 3-point ordinal scoring system: 1, poor, not distinguishable due to no contrast; 2, good, distinguishable by slight contrast; and 3, excellent, easily distinguishable by clear contrast. The quantitative image analysis was performed by 2 authors (Y.M. and H.A).
The contrast-to-noise ratios (CNRs) were calculated on the basis of signal intensity (SI) and SD measurements in manually drawn ROIs. The ROIs were placed in the areas of the offending vessels and compressed parenchyma of the brain stem and compressed nerves at the NVC. Finally, the contrast and the CNRs of the offending vessels to brain stem and the offending vessels to compressed nerves were calculated by using the following equations: Contrast a/b ϭ 2 (SI a Ϫ SI b )/(SI a ϩ SI b ), and CNR a/b ϭ (SI a Ϫ SI b )/SD a , where a and b denote the tissues of interest.
Statistical Analysis
A statistical analysis was performed by using standard statistical software (SPSS Version 15.0 for Microsoft Windows; IBM, Armonk, New York). An analysis of the interobserver agreement regarding qualitative variables was assessed by the agreement test ( Ͻ 0, poor agreement; 0 Ͻ Ͻ 0.2, slight agreement; 0.2 Ͻ Ͻ 0.4, fair agreement; 0.4 Ͻ Ͻ 0.6, moderate agreement; 0.6 Ͻ Ͻ 0.8, substantial agreement; and 0.8 Ͻ Ͻ 1, almost perfect agreement). 25 Because there was substantial agreement between the scores given by the 2 raters at ϭ 0.660 (P Ͻ .001), only the score data from 1 rater (rater 1) were used for the statistical analysis. The statistical significance of differences between 3D T2WI-DRIVE and sDRICE was established by using the Wilcoxon signed rank test in the qualitative evaluation. The data in the quantitative evaluation are presented as means and SDs. A paired t test was used to analyze observed differences.
RESULTS
All of the imaging examinations by using both 3D T2-weighted-DRIVE and sDRICE were successfully completed before surgery. The clinical results are shown in Table 1 . In all 12 patients, the offending vessels and compressing point predicted by the sDRICE images matched the intraoperative findings. In all patients, the preoperative HFS or TN was completely resolved after the microvascular decompression, and no complication was encountered.
sDRICE images and the black/whitereversed 3D T2WI-DRIVE images of patients with HFS and TN are shown in Figs 2 (HFS) and 3 (TN), respectively. The results of the lesion conspicuity scoring by the 2 raters are shown in Table 2 . In all except 1 of the 6 patients with HFS, the lesion conspicuity in sDRICE was scored better than that in 3D T2WI-DRIVE by both raters. In particular, in patients 1 and 2 (Fig 2A-D) , the sDRICE images were scored 2 points better than the 3D T2WI-DRIVE images by both raters. There was only 1 patient (patient 6, Fig  2E, -F) for whom 1 rater scored the 3D T2WI-DRIVE and sDRICE images equally.
On the other hand, among the 6 patients with TN, there was only 1 patient for whom the sDRICE images were scored 2 points better than the 3D T2WI-DRIVE images by both raters (patient 7, Fig 3A, -B). In this patient, the offending vessel (the petrosal vein) was clearly depicted on the sDRICE images, in contrast to the 3D T2WI-DRIVE images. The 3D T2WI- DRIVE and sDRICE images were scored equally by rater 1 for patient 10 ( Fig 3C, -D ) and patient 11 and by both raters for patient 12. In those patients, the 3D T2WI-DRIVE and sDRICE images showed the offending vessel compressing CN V equally. The results of the qualitative and quantitative analyses are summarized in Table 3 . In the qualitative analysis, regarding the lesion conspicuity scored by rater 1, the sDRICE images received significantly higher scores than the 3D T2WI-DRIVE images in all 12 patients (P ϭ .006) and in the patients with HFS (P ϭ .023), but not in the patients with TN (P ϭ .102).
In the quantitative analysis, the contrast values between the offending vessel and the brain stem and between the offending vessel and the compressed CN on sDRICE were significantly higher than those on 3D T2WI-DRIVE (P Ͻ .001). This difference supports the results of the qualitative analysis for lesion conspicuity. The CNRs between the offending vessel and the brain stem and between the offending vessel and the compressed CN on sDRICE were also significantly higher than those on 3D T2WI-DRIVE (P ϭ .003 and P ϭ .007, respectively).
DISCUSSION
MR cisternography performed with techniques such as 3D FI-ESTA, 9 ,10 3D CISS, 11-13 3D T2-weighted-DRIVE sequences, 7, 8 and reversed heavy T2WI 26 provides high spatial resolution and excellent visualization of vessels and cranial nerves and is thus a useful tool to depict cranial nerves and vessels in the cerebral cisterns. It is used for preoperative evaluations in cases of vascular compression syndrome, skull base tumors, and cerebrovascular disease. However, in these sequences, the contrast between vessels and cranial nerves is not always great enough, occasionally making a clear understanding of the anatomic structure difficult, especially in cases of neurovascular compression syndrome. 9, 14, 15 Alternatives to standard MR cisternography (ie, image fusion between 3D CTA or 3D TOF-MRA and 3D MR cisternography) have been used to increase the contrast between vessels and cranial nerves. [19] [20] [21] [22] [23] However, several disadvantages of such image fusion techniques have been reported. First, some data may be lost through the segmentation process so that a signal defect in vessels or nerves occurs. 23 Second, artifacts are occasionally enhanced through the fusion process because artifacts of each technique are merged in the process. 20 Third, image fusion requires an extra software program and is time-consuming in most cases. sDRICE can solve the above-mentioned limitations of the current standard MR cisternography because of its higher contrast without the use of any image fusion. In the present study, the lesion conspicuity of sDRICE was superior to that of 3D T2WI-DRIVE. Unlike fusion images, sDRICE images can be easily and quickly created on a console, and sDRICE presents no risk of data loss during the subtraction process. In addition, artifacts from CSF flow or chemical shifts are somewhat reduced by the subtraction process in sDRICE. Considering these advantages, sDRICE may be applicable for other intracranial lesions such as skull base tumors adjacent to cranial nerves.
On the basis of the results of the present study, we found that sDRICE is more useful for understanding the anatomy at the NVC in patients with HFS than in those with TN. The reasons for this are as follows: In patients with HFS, because CN VII and the offending artery are almost the same in diameter, the discrimination of these structures is difficult on 3D T2WI-DRIVE. In addition, the compressing point is generally at the root exit zone of CN VII; thus, an offending artery tends to run adjacent to the brain stem, occasionally invaginating into the brain stem, which also makes it difficult to discriminate the artery from the brain stem due to the lower contrast (patient 1, Fig 2A, -B) . In fact, in all except 1 of the 6 patients with HFS, the lesion conspicuity of sDRICE was scored better than that of 3D T2WI-DRIVE by both raters. There was only 1 patient with HFS (patient 6, Fig 2E, -F) for whom 1 rater scored the 3D T2WI-DRIVE and sDRICE images equally, and this outcome was because the offending artery was easy to discriminate from CN VII and the brain stem on both images. In this case, the existing thin CSF space between the offending artery and CN VII or brain stem may help in the discrimination of these structures. On the other hand, in the patients with TN, the offending artery (the superior cerebellar artery in most cases) was smaller in diameter than the trigeminal nerve, and it generally ran apart from the brain stem; thus, it was relatively easy to discriminate these structures, even on 3D T2WI-DRIVE without contrast enhancement. For the same reason, sDRICE may also be useful for cases of glossopharyngeal neuralgia, in which a cranial nerve and the offending vessel are similar in diameter.
As described in the "Materials and Methods" section, we used 2 steps for accurate subtraction without fusion to obtain the sDRICE images and controlled possible misregistration by using an internal check. First, we matched the FOV and the voxel resolution between 3D T2WI-DRIVE and CE 3D T1WI for the same scanning range. Second, we shortened the interval time between the 2 sequences by scanning CE 3D T1WI in the train of 3D T2WI-DRIVE, and we asked the patients to keep still. In this study, because all patients were without cognitive deficits and were stable in physical status, subtraction without fusion was successfully completed in all of them. However, this method might have possible subtle misregistration; thus, we checked and confirmed whether the diameter of CN V and VII and that of the offending vessels on sDRICE were similar on 3D T2WI-DRIVE and CE 3D T1WI side by side. Because of this possible misregistration, neuroradiologists separately evaluate 3D T2WI-DRIVE and CE 3D T1WI side by side for diagnostic purposes in clinical practice in our institution. Therefore, sDRICE images are used as adjuncts for more precise evaluation at neurovascular contact. On the other hand, for neurosurgeons, sDRICE has replaced the role of 3D T2-DRIVE and CE 3D T1WI for preoperative planning and intraoperative viewing.
Because sDRICE has excellent conspicuity at neurovascular contact and can depict both nerves and vessels on only 1 image set, it is more useful and practical for neurosurgeons than side-byside-displayed 3D T2WI-DRIVE and CE 3D T1WI. Only 1 disadvantage of sDRICE compared with the standard noncontrast MR cisternography was noted; with sDRICE, a contrast medium must be administered, which is contraindicated for patients with a history of allergy or renal dysfunction. However, an accurate preoperative evaluation of neurovascular anatomy is crucial for successful surgery in cases of neurovascular compression syndrome; thus, the use of contrast medium can be justified despite a possible-but-rare allergic reaction. In addition, contrast-enhanced images can depict not only arteries but also veins, in contrast to TOF imaging. 12 Adjacent veins can be an offending vessel in cases of TN. Moreover, the identification of venous anatomy in the surgical field, especially of the petrosal vein or its collateral veins, is crucial to avoid postoperative venous infarction. Therefore, an enhanced MR image is always mandatory for the precise preoperative evaluation in cases of vascular compression syndrome.
CONCLUSIONS
sDRICE is a novel, simple, and useful postprocessing technique to evaluate neurovascular anatomy in patients with neurovascular compression syndrome. It is useful especially in patients with HFS for discriminating offending vessels from cranial nerves or the brain stem due to the excellent contrast between these structures. 
